Several factors such as current and historical climate, species' distributional ranges, morphological traits and phylogenetic relationships may show associations with the level of modularity and module composition, and hence, with the specialization of planthummingbird interactions ; Mart ın Gonz alez, Allesina, Rodrigo, & Bosch, 2012; Mart ın Gonz alez et al., 2015) .
However, the importance of these factors seems to vary according to network type and scale of the study (Allen, 2006; Gilarranz, Hastings, & Bascompte, 2015; Mart ın Gonz alez et al., 2015; Schleuning et al., 2014) . For instance, current climate may shape biotic interactions through the phenologies, range distributions and abundances of plants and hummingbirds (Dalsgaard et al., , 2011 ; Mart ın Gonz alez, , whereas historical climate instability could alter species' phenologies or geographical distributions, causing a decrease in interaction specificity and modularity (Dalsgaard et al., 2011 . If such associations are strong, species with overlapping phenologies and/or similar climatic requirements are expected to occur in the same module (e.g.
Mart ın Tur, Olesen, & Traveset, 2015) . Species with similar evolutionary histories and phenotypes are likely to interact with the same set of partners, thus forming modules of similar phenotypes Danieli-Silva et al., 2012; G omez, Verd u, & Perfectii, 2010; Maruyama, Vizentin-Bugoni, Oliveira, Oliveira, & Dalsgaard, 2014; Rezende, Lavabre, Guimaraes, Jordano, & Bascompte, 2007) . Altogether, numerous studies reveal that spatiotemporal overlap, phylogenetic relationships, morphology and interspecific competition are associated with module membership and/or variation in modularity in plant-hummingbird networks Mart ın Gonz alez et al., 2012 Maruyama et al., 2014) .
Recent studies have addressed the effects of climate (past and contemporary), phylogeny and traits on the modular structure of local mutualistic plant-animal interaction networks (e.g. Dalsgaard et al., 2013; Mart ın Gonz alez et al., 2015; Schleuning et al., 2014) .
However, little is known about the determinants of cross-biomes networks (Mello, Bezerra, & Machado, 2013) , i.e. regional networks of species built from combining many local networks, spanning large spatial areas and including different habitat types. In these, species distributions over a large spatial extent are likely to exert a strong influence on the modular pattern, as turnover in species composition tends to increase with greater geographical distance from a source (McCoy & Heck, 1987; Vilhena & Antonelli, 2015) . Therefore, considering communities spanning large areas, species occurring in geographically close locations would experience more chances to interact with each other and occur in the same module, resulting in modules representing the spatial distribution of species (Gilarranz & Bascompte, 2012; Gilarranz et al., 2015) . In addition, co-evolutionary histories and the existence of dispersal barriers could also affect patterns of interactions (Dupont & Olesen, 2009; Kougioumoutzis et al., 2014) .
Brazil is a large country (8,516,000 km 2 ), which encompasses diverse vegetation domains including open grasslands, savannas and dense forests. Accordingly, patterns of interactions between hummingbirds and their food plants should vary across this almost continental scale. In this study we evaluate the major drivers of plant-hummingbird interactions at the cross-biomes scale, examining how interactions are distributed across space and which factors may explain observed interaction patterns. We ask: (a) whether the organization of a cross-biomes plant-hummingbird network is better explained by climate, geographical and evolutionary constraints or traits related to pairwise interactions; (b) whether drivers of module composition vary between hummingbirds and plants; and (c) whether species with a greater importance in the network have greater range sizes and generalist behaviour and traits. For instance, we expect that hummingbirds less central in the network would be long-billed and large-sized species that visit specialized flowers ).
| MATERIALS AND METHODS

| Data set
We compiled a data set consisting of 31 local binary plant-hummingbird interaction networks from six different Brazilian biomes (vegetation domains), covering 1,860,700 km 2 ( Figure 1 ; Appendix S1, (Eiten, 1978) and (f) Rupestrian Fields (two networks): a savanna subtype occurring on rocky outcrops with grasslands, herbaceous vegetation and shrubs, in mountain areas (>900 m a.s.l.).
We only included studies with sampling periods that span at least 1 year and sampled the entire community of plant species legitimately visited by hummingbirds, i.e. we excluded studies that restricted sampling only to plants conforming to the classical ornithophilous syndrome, and larceny interactions (i.e. visits with no potential to result in pollination). Larceny interactions were excluded because they are antagonistic.
As we aimed to test for the effect of evolutionary history on hummingbird-plant interactions, we excluded exotic plant species from the analysis. We prepared one binary matrix of interactions with rows and columns as plant and hummingbird species. Each cell was filled with 1 when an interaction between that plant and hummingbird species was recorded, and 0 otherwise. We also built two matrices with morphological traits, range sizes, phylogenetic, climatic and geographic information of plants and hummingbirds.
For plants, the used floral/morphological traits were growth form, corolla shape, colour and length, and nectar concentration. 
| Data analysis
| Network modularity
Modularity analysis was conducted in MODULAR (Marquitti, Guimarães, Pires, & Bittencourt, 2014) , using the Barber's metric (2007) and simulated annealing maximization algorithm for bipartite networks and the recommended settings. To examine whether matrix modularity differs from randomness, we calculated modularity on 100 null matrices of the same size and connectance as the empirical matrix, and where species interact proportionally to their observed number of interactions (Bascompte, Jordano, Meli an, & Olesen, 2003) . After this first analysis, we computed modularity within each resulting module independently to test for the occurrence of submodules inside modules. As a sensitivity test, we also analysed modularity using the recently implemented LPAb+ algorithm (Beckett, 2016; Liu & Murata, 2010 ) (see Appendix S2).
Species roles for hummingbirds and plants were calculated following Olesen et al. (2007) . The within-module degree (z) is a measure of the number of connections a species has within its own module relative to other species in that module, whereas the among-module connectivity (c) informs about how well a given species is connected to species from other modules (Olesen et al., 2007) . According to their c and z-values, species were classified as: To test whether vegetation domains explain module composition, we used Contingency Analysis to evaluate if the proportion of species from the same (or similar) vegetation domain in a given module was higher than expected by chance.
| Range size
We calculated two measures of range size to describe how widespread the hummingbird and plant species are across the studied areas: "Range size 1" (RS1), represents the number of networks (out of 31 total) in which a given species occurred, and "Range size 2" (RS2) represents the maximum geographical distance between the networks within which a species was recorded.
| Statistical model
We explained species' module memberships from their phylogeny, traits, spatial positions resulting from the PCoA, climatic conditions and range sizes. For this purpose, we employed Random Forest models as implemented in the R package 'randomForest' (Liaw & Wiener, 2002) . We fitted two Random Forest models (one for plants and one for hummingbirds) with 500 randomizations each. Classification trees and Random Forest models are appropriate tools for the analysis of such complex ecological data sets, being able to model high-order interactions, multicollinearity and nonlinear responses (De'ath & Fabricius, 2000) with easy interpretability (Loh, 2014) .
The focal unit of analysis in the statistical model was the species.
To evaluate the effects of climate, geography, phylogeny and traits on the assignment of species to modules, we first examined the correlations among the climatic variables. When a variable pair was highly correlated, we kept the variable showing the highest importance in determining module membership (assessed using Random Forest), and kept both variables if they were both of high impor- and combinations of groups to partition the variance explained by these sets into unique and shared components, which we visualized with Venn diagrams (Legendre, 2008; Moritz & Faith, 1998) .
| RESULTS
| Modularity and species traits
The resulting cross-biomes network was composed of 479 plants 
| Distribution extents of species in the modules
| Species roles and traits
Most species acted as "peripherals" (92.5% of plants and 90.4% of hummingbirds), followed by "connectors" (5.4% of plants and 9.5% of hummingbirds) and "module hubs" (1.7% plants; Figure 3 ). "Connector" and "peripheral" plants were shrubs or herbs, mostly with tubular corollas of various colours except blue/violet, whereas "module hubs" were mainly epiphytes with specialized flowers (tubular red/yellow or pink). Only two plant species acted as "network hubs", the non-ornithophilous tree Inga vera (Fabaceae) and the ornithophi- 
| Drivers of module composition
According to the classification trees, space and climate were the Overall, climate and spatial filters emerged as the most relevant predictors (Table 1) .
However, different predictors exert overlapping effects on module assignment for both plants and hummingbirds, as observed for spatial filters and climate (Table 1 ). Phylogeny and traits had virtually no unique effect, that is, climate and spatial filters already accounted for all the explanation produced by these predictors (Figure 6 ).
These results indicate that climate had the strongest association with module composition, with additional effects of spatial filters and a negligible effect of phylogeny and traits.
| DISCUSSION
Our study confirms the importance of climate and space for structuring mutualistic interactions, as these factors appeared as main determinants of modularity in the cross-biomes Brazilian planthummingbird network. Climate alone had the same effect as a mix of climate and space for plants, whereas for hummingbirds the joint Although modular partitioning was consistent with the main vegetation domains included in this study, geographical distance also played an important role in determining module composition. Historical dispersal-linked contingencies (i.e. differences in species arrival history during community assembly), could vary across space, and might correspondingly affect the resulting different sets of interacting species identified in our analyses (Fukami, 2015) . For instance, this mechanism might explain the separation of modules including more inland communities from those comprising coastal sites. This could also relate to the savanna corridor that separated the continuous forest that occurred between the Amazonian region and Paran a during the Neogene, and may reflect dispersion limitation due to the dry barrier between the moister biomes of either side. This corridor, comprising the Chacoan subregion (Morrone, 2006 (Morrone, , 2014 , could have resulted in different evolutionary histories as a consequence of a dynamic vicariant effect (Morrone, 2006) . In addition, networks from the Southern and Northern Atlantic forests were assigned to different modules. Historical biogeography could explain this result, as the Northeastern Atlantic forest includes two centres of endemism, one in Bahia and another one in Pernambuco (Carnaval & Moritz, 2008) .
Furthermore, forest contractions in the Southern portion of the Atlantic forest are suggested to have occurred around the Last Glacial Maximum, approximately 21 ka BP (Carnaval & Moritz, 2008) .
These historical events have probably resulted in distinct contemporary plant assemblages. Similar effects were recorded for Rupestrian Fields from the Espinhac ßo Range, which is characterized by a high representation of endemic species (Giulietti & Pirani, 1988; Giulietti, Pirani, & Harley, 1997; Rapini, Ribeiro, Lambert, & Pirani, 2008) , resulting in low floristic similarities even within neighbouring localities (Rapini et al., 2008) .
A notable finding here is that of the congeneric hummingbirds (Eiten, 1978) , and most of its species were indeed assigned to the module representing this latter domain.
The identified spatial effect could also to some extent describe environmental variations not accounted for by the explanatory factors here evaluated, such as, for example, human disturbance. If anthropogenic impacts vary among the studied areas, their effects on species composition and on the resulting patterns of species interactions in communities also will likely differ (e.g. Stout, 2014; Bromeliaceae remains an important family, the hummingbird-pollinated plants are mostly terrestrial, and thus more strongly feature shrubby/herbaceous habits such as those in the families Asteraceae and Ericaceae (Rodrigues & Rodrigues, 2014) . Thus, the terrestrial growth form was most prominent in this module.
We found that species traits and phylogeny had no exclusive effect on assignment of hummingbird and plant species to modules.
This contrasts with the finding that hummingbird phylogenetic signal observed in local plant-hummingbird networks is correlated with levels of modularity across most of the Americas (Mart ın Gonz alez et al., 2015), as well as the finding that traits were important in structuring modules in hummingbird-plant networks in a Neotropical savanna system . However, it corresponds to a recent finding that niche partitioning (i.e. specialization) in insular Caribbean plant-hummingbird networks is determined by topographical and climatic conditions rather than by hummingbird traits (Dalsgaard et al., 2018) . Thus, it is likely that traits have a stronger role in structuring hummingbird-plant interactions within local communities/networks rather than in cross-biomes and island systems (Dalsgaard et al., 2018) . Especially as species with similar traits are assembled in different modules and thus there is no strong difference on trait distribution across cross-biomes modules. In accordance, with the exception of a weak negative effect of nectar concentration on among-module connectivity (c), we did not observe any relationship between species traits and species roles (i.e. c and z-values), suggesting that traits here evaluated are not good predictors of species roles in cross-biomes networks.
The finding that only plants fulfilled central roles in this crossbiomes network could either be genuine, reflecting differences between plants and animal groups, or be related to sampling, as network data are usually collected by observing the visitors to focal plants, rather than by following focal animals (e.g. Watts, Dormann, Mart ın Gonz alez, & Ollerton, 2016). The more connected species, both within and between modules, presented wider geographical F I G U R E 6 Venn diagrams showing the partitioning of the variance explained into components accounted for by unique and shared effects of the predictor variable sets in assigning species of plants and hummingbirds to modules, in the Brazilian cross-biomes network. Most important sets are in bold occurrence, which agrees with the finding that hummingbirds' range size is negatively related to ecological specialization (Sonne et al., 2016) . Indeed, hummingbirds that acted as connectors and plant species that acted as hubs are well distributed throughout almost whole Brazil (BirdLife International, 2016; CNCFlora, 2012; Pennington, 1997) . Although it is expected that species with wider ranges have increased opportunities to interact with a greater array of partners, this result indicates that widespread species nevertheless play an important role in the maintenance of cross-biomes modularity. In addition, it indicates that such effects are largely independent of traits regarded to be important in structuring local plant-hummingbird networks (e.g. Vizentin-Bugoni et al., 2014) . This contrasting result reinforces the notion that factors affecting the organization of interactions in small scale, i.e. local interaction networks, differ from those concerning interactions in large scale, cross-biomes networks (Bartomeus et al., 2016 ).
In conclusion, our results show that the cross-biomes plant-hummingbird Brazilian network is shaped by climate and space, with overlapping effects of traits/phylogeny only for plants. Furthermore, they show that species range size is a major determinant of species roles in networks at this large spatial scale, as species that were present in more networks and/or have wider distributions were more connected both within and between modules. Altogether, our results indicate that biogeography and climate are not only relevant drivers of modularity level in local mutualistic plant-animal networks, as previous macroecological studies have shown, but also structure crossbiomes networks. Evaluating the structure of cross-biomes networks in the light of human disturbance and associated effects of introduced species on module composition would be interesting foci for future studies.
